The ability to determine the gene expression pattern in low quantities of cells or single cells is important for resolving a variety of problems in many biological disciplines. A robust description of the expression signature of a single cell requires determination of the full-length sequence of the expressed mRNAs in the cell, yet existing methods have either 3′ biased or variable transcript representation. Here, we report our protocols for the amplification and high-throughput sequencing of very small amounts of RNA for sequencing using procedures of either semirandom primed PCR or phi29 DNA polymerase-based DNA amplification, for the cDNA generated with oligo-dT and/or random oligonucleotide primers. Unlike existing methods, these protocols produce relatively uniformly distributed sequences covering the full length of almost all transcripts independent of their sizes, from 1,000 to 10 cells, and even with single cells. Both protocols produced satisfactory detection/coverage of the abundant mRNAs from a single K562 erythroleukemic cell or a single dorsal root ganglion neuron. The phi29-based method produces long products with less noise, uses an isothermal reaction, and is simple to practice. The semirandom primed PCR procedure is more sensitive and reproducible at low transcript levels or with low quantities of cells. These methods provide tools for mRNA sequencing or RNA sequencing when only low quantities of cells, a single cell, or even degraded RNA are available for profiling.
M
ost populations of cells from higher eukaryotes are heterogeneous in ways that cannot be fully elucidated by bulk analysis. The causes of this heterogeneity include differentiation in subtly different ways, varying stages of the cell cycle, cellular senescence, and nonuniform RNA processing and degradation. Such cellular heterogeneity could be studied by robust techniques for single cell transcriptome analysis, particularly if the techniques analyze full-length transcripts. Reliable methods for transcriptome analysis are also required for situations where only low quantities (LQs) of cells are available, and where the RNA may be partly degraded.
Advances in high-throughput sequencing and innovations in biochemical techniques have revealed a complex picture of the mammalian transcriptome (1) . Most genes that contain three or more exons give rise to alternatively spliced products that may vary with the cell type or state of differentiation (2) , and these alternative splice forms often have different, even antagonistic functions. In an extreme case, the Drosophila Dscam gene has >30,000 alternative transcripts hypothesized to provide distinct identities to individual neuronal dendrites and to avoid self-interaction between the processes of a single neuron (3) . Thousands of long, polyadenylated, intergenic noncoding RNAs (LINCs) have been discovered (4, 5) that may have diverse regulatory functions, including serving as scaffolds for proteins that interact with chromatin (6) . A fraction of these LINC RNAs may be translated and encode short peptides (7) . Cytoplasmic recapping of RNAs has been demonstrated enzymatically (8, 9) . A number of genes use multiple promoters, and the position of the 5′ transcription start sites of RNAs may shift under different physiologic conditions. Finally, the mRNA 5′ UTR are now known to be translated frequently (10) (11) (12) (13) and may produce biologically active peptides. More than half of the translation initiation sites used by a cell are not predicted from annotated genes, which include many that occur in the 5′ leader sequences of mRNAs, may use near-canonical UUG, CUG, or GUG start codons, and initiate from the internal region (13) . These sites could generate proteins with altered functions (14) . These events, as well as issues such as RNA editing and allele specific levels of expression (15) , indicate the value of deep sequencing of full-length transcripts.
Several approaches have been proposed for obtaining transcriptome data from single cells. An early approach used RT and oligo-dT primers with a T7 phage RNA polymerase promoter sequence attached to the 5′ end of the oligo-dT run. The resulting cDNA was transcribed into multiple copies of RNA, which were then converted back to cDNA (16) . This process often truncates the cDNA molecule, losing 5′ sequences of the original mRNA, especially for relatively long transcripts, and requires multiple rounds of processing when starting with LQ cells, further exacerbating cDNA truncation. A recent modification (17) enables multiplex analyses, but this is still 3′ end sequence biased. Other methods are based on PCR amplification of cDNA (18) (19) (20) (21) (22) (23) (24) (25) (26) . However, these approaches may yield biased representations of sequences along the mRNA and fail to give complete sequences for long mRNAs because long DNA templates are discriminated against even when a long PCR is used.
We have explored two different methods for single and LQ cell cDNA amplification. One approach, Phi29 DNA polymerasebased mRNA transcriptome amplification [Phi29-mRNA amplification (PMA)], was adapted from our whole DNA-pool amplification procedure (WPA) (27) , and the full-length mRNAderived cDNA was circularized by intramolecular ligation before amplification. This method has the unique advantage that it potentially captured all end sequences. Previous analyses of Phi29 DNA polymerase-based whole genomic DNA showed that the level of amplification of most regions of DNA varied within less than threefold (28) , even though run-away regions of amplification have been noted by others (29, 30) , and significant sequence underrepresentation was observed when applied to a single cell (28) . Qiagen launched a related product (QuantiTect Whole Transcriptome) using cDNA ligation and phi29 DNA polymerase to generate products for qPCR, but this method has not been used with microarrays or sequencing. We initially implemented the Phi29 DNA polymerase method (27) with single-strand circularization of cDNA reverse transcribed with oligo-dT, and a somewhat similar procedure was recently demonstrated for a single bacterium (31) . Using mammalian cells, we modified and improved the sensitivity and uniformity of our method. Also, when random primers were used for RT, a Phi29 DNA polymerase-based transcriptome amplification procedure [Phi29-transcriptome amplification (PTA)] was described. In the second approach, we developed a procedure called semirandom primed PCR-based mRNA transcriptome amplification [SRPmRNA amplification (SMA)], by adapting a method for nanoChIP-seq (32) . After cDNA was generated, we used semirandom primed PCR to amplify the overlapping segments along the entire length of cDNAs for mRNA sequencing (mRNA-seq). When random primers were used for RT, a semirandom primed PCRbased whole transcriptome amplification method [SRP-transcriptome amplification (STA)] was also tested. Here we compare the relative advantages of each approach and demonstrate the applicability of cDNA sequencing from LQ or single cultured cells or neurons.
Results
Principle of the Methods. The goal of this work was to establish bench top methods for preparing cDNA libraries for highthroughput sequencing that require very limited cellular material and represent the full length of all cDNA molecules. To do this, we optimized the procedure for cDNA generation using a thermostable RT for the generation of cDNA. First-strand synthesis was carried out at 50°C for efficient RT, in an effort to minimize effects of RNA secondary structure on the elongation of cDNA. Unless otherwise noted, the single-strand cDNA (sscDNA) was converted to the double-stranded form (dscDNA). We used two methods for amplification of very small amounts of cDNA from LQ or single cells. PMA (Fig. 1A) was based on previous wholegenome amplification methods (27) , which depends on the high processivity and strand displacement properties of the Phi29 DNA polymerase that requires relatively long DNA templates (usually >3-4 kb) for efficient amplification. To avoid this size dependence, we circularized the full-length cDNA using CircLigase (Epicentre) for single-stranded DNA or T4 DNA ligase for double-stranded DNA before amplification. Small circles can be traversed more quickly by the polymerase, but this is largely compensated for by the presence of more primer binding sites on larger circles, such that the occupancy by the DNA polymerase per unit length cDNA is approximately independent of the circumference of the circle. When the DNA was sufficiently diluted such as in single cells or LQ cells, intramolecular circles are predicted to dominate. Thus, the sequence and orientation of the cDNA fragments is representative of the original pool of molecules.
The SMA method (Fig. 1B) uses oligonucleotides (SMA-p1) with random 3′ sequences for capture of the whole cDNA sequence and a universal 5′ sequence that serves as a priming site for uniform PCR amplification of all cDNA fragments. The cDNA before SMA remained intact, but the method produced similar results if the cDNA was fragmented into short pieces. After the amplicon was obtained, the oligonucleotide adapter was completely removed with a type IIs restriction enzyme, BciVI, whose recognition sequence was built into SMA-p1. The method uses linear dscDNA or sscDNA as a template and potentially may not capture a short region of sequence at the extreme ends of the cDNA molecules. However, in practice, this did not produce any significant sequence loss. Because of the semirandom priming, each sequence can be covered by multiple different lengths of PCR templates, and because all products are of similar length and amplified with the same primer, the amplification is not subject to the well-known biases of PCR that favor shorter fragments or certain primer sequences. This method enables an extensive and uniform coverage of all sequences. Also, we designed a set of alternative versions for whole transcriptome amplification, namely, the methods PTA and STA ( Fig. S1 A and B) that use random primers on total RNA.
General Amplification Characteristics. We observed that the PMA method did not demonstrate aberrant DNA products visualized by gel electrophoresis, unless a template was added to the reaction mixture. However, in the presence of very small amounts of template, a considerable amount of nonspecific product could be produced. Efficient ligation of the cDNA template was strictly required for the amplification to generate visible amounts of DNA from single cell equivalent of RNA input. With the SMA method, the negative control showed some primer-dimers, but these were obviously distinguishable from the amplicon derived from a template (Fig. S2) . The primer-dimer can easily be cut into short pieces with BciVI and removed in downstream Step 1: PMA using phosphorylated oligo-dT for mRNA selection with SuperScript Reverse Transcriptase III (SSRTIII) in RT.
Step 2: dscDNA generation (for single-strand cDNA PMA, this step is omitted).
Step 3: cDNA circularization, mostly intramolecular, possibly partial concatemers consisting of variants of cDNAs. The joint 5′ (green) and 3′ (red) end retain the direction of the transcript, which can be decoded in sequencing data analysis.
Step 4: phi29 DNA polymerase-based whole DNA pool amplification for mRNA transcriptome.
Step 5: random fragmentation of the amplicons to generate appropriate short sizes of fragments covering the whole mRNA transcriptome.
Step 6: Illumina adapter ligation to the cDNA fragments and generation of NGS sequencing library. (B) Flowchart for SMA with oligo-dT priming.
Step 1: RT for mRNA selection with SSRT III using oligo-dT.
Step 2: dscDNA generation (when single-strand cDNA is applied, this step is omitted).
Step 3: generation of library of overlapping cDNA fragments with tags on both ends using Sequenase with four cycles of priming (denaturing, annealing, Sequenase addition, and extension). The tricomponents SMA-p1 (semirandom primer) is shown: the blue line shows a 9-mer random portion for random priming; the red is the BciVI cutting site; the green tag helps to form a hairpin structure that minimizes SMA-p1 self-annealing.
Step 4: the green and the red are defined universal sequences and used as SMA-p2 for library amplification via PCR.
Step 5: BciVI is applied to remove the artificial universal sequence from both ends of all amplicons, leaving a 3′ end A-overhang.
Step 6: an Illumina adapter is ligated to the cleared, naked dscDNA fragments, and an NGS sequencing library is generated by additional PCR.
processing. The amplicon yield with SMA, usually about 500 ng, was lower than with PMA (2-5 μg), but sufficient for quality evaluation and library construction.
To compare the two methods, we prepared a batch of K562 erythroleukemic cell RNA from 5 × 10 5 cells and diluted aliquots equivalent to 1,000 (k), 100 (h), and 10 (t) cells of RNA. cDNA was prepared from duplicate aliquots of each RNA concentration by either PMA or SMA, and the resulting amplified products were sequenced to a depth of at least 10 million total reads for each sample. For both PMA and SMA, the mappable reads and the fractions of sequencing reads that mapped to the coding sequence (CDS), the 3′ and 5′ UTRs, ribosomal RNA, and intergenic genomic DNA, were roughly similar ( Fig. 2A ; Tables S1 and  S2 ). The average GC content profile in the transcripts was also similar, although in SMA it was slightly reduced (Fig. S3A) . In addition, a significant number of reads of intron sequences was detected: 10-to 20-fold more than the number of reads of intergenic sequences ( Fig. 2A ; Tables S1 and S2 ). This result indicates that the intron sequences were derived from immature mRNA, rather than gDNA contamination. The majority of fragments were sequenced only once, and the number of fragments sequenced twice or more was less than one third of the total (Fig. 2B) , suggesting that substantially fewer than one third of the fragments in the cDNA mixture had been identified, even with preparations from as few as 10 cells. In addition, the mappable read number was lower in amplicons from smaller numbers of cells: 10 cells < 100 cells ∼ 1,000 cells < standard controls (STDs) (Tables S1 and S2), indicating that less cell input generated relatively more unmappable noise. Overall, the percentage of unique reads for SMA was comparable to STD, but for PMA with diluted RNA it was a little higher, and for PMA directly with low number of cells it was lower. PMA also showed more cDNA copies of ribosomal RNA when a sample with fewer cells was directly amplified (Fig. 2B) .
When PTA was performed ( Fig. 2A) , the amplicons contained reduced rRNA representation compared with the original rRNA content of the preparation, and sequences of annotated RNA other than rRNA sequences represented up to ∼25% of the total reads. This result makes it possible to apply PTA for partially degraded RNA samples and for the case when a whole transcriptome rather than just mRNA is desired. We were also able to perform SMA after only first-strand cDNA synthesis and obtained results that were close to those from double-stranded cDNA. Initial experiments with single-strand circle formation and PMA succeeded for low numbers of cells and single cells. Unfortunately later batches of the CircLigase enzyme (Epicentre) used for the ligation did not work well for larger circles, and thus the resulting data are not shown. However, it is apparent from the PTA data in this study that phosphorylated random primers would generate small single-stranded circles that could be ligated efficiently and used for single cell profiling. We also prepared STA amplicons from ∼100-cell equivalent RNA (Fig. S3E) , and PCR evaluation indicated a satisfactory detection of transcripts. . Different colors from the bottom to the top of each column represent fractions of the reads from coding sequences (cds), seeded synthetic oligonucleotides (ercc), intergenic sequences (intergenic), introns (intron), mitochondria (mitochond), sequences overlapping more than one type of target (overlap), ribosomal RNA sequences (ribosomal), and 3′ and 5′ untranslated regions (utr) of mRNA. The samples are labeled as follows (the same labeling is used in other figures hereafter if not specified otherwise): t, h, and k represent diluted total RNA equivalent to 10, 100, or 1,000 cells, respectively. Two replicates of each dilution and each method for amplification are shown. PMA direct corresponds to cDNA prepared from cell lysates (cs: single cell; c5t: 50 cells; ch: 100 cells; ck: 1,000 cells). K562 control (i.e., STD) was from RNA-seq with conventional protocol and represents three biologic replicates of K562 cell RNA prepared from a large culture (each >2 million cells), converted to cDNA, and sequenced without a preliminary amplification. PTA refers to the libraries obtained by random plus oligo-dT priming of RT beginning with total RNA equivalent to 3,000 (3k) cells of an acute promyelocytic leukemia cell line, NB4. PTA-a (PTA-1, 2) used less random primers than in PTA-b (PTA-3, 4). (B) Frequency of multiply sequenced cDNA fragments; 1×, 2×, 3×, and 4× sequenced fragments are shown in progressively lighter shades of blue. (C) Average coverage of transcripts from 5′ to 3′ ends (bottom to top). The transcripts were divided into 100 equal segments, and the relative intensity of each segment was displayed. Darker blue represents less coverage. (D) Distribution of reads across cDNAs of various lengths. These results were obtained from STD or amplified cDNA (labeled as in A) from RNA equivalent to 1,000 (k) K562 cells. Each of the SMA-k and PMA-k was the average of two replicates. PTA-3k was counted with the average of PTA-a and -b. x axis: the mRNA regions are divided into 100 bins, and RNA-seq reads are counted in each bin from the 5′ to 3′ end. y axis: average reads count. RefSeq genes are divided into five classes according to mRNA length. Black: 45-1,000 bp, 4,081 genes (transcripts); red: 1,001-2,000 bp, 5,483 genes; green: 2,001-5,000 bp, 9,634 genes; blue: 5,001-10,000 bp, 2,264 genes; cyan: 10,001-101,674 bp, 259 genes.
Full-Length Coverage. After sequencing, reads were mapped to the human genome (hg19) using TopHat (33) . The result demonstrated that, in general, all lengths of transcripts were covered over their full lengths (Fig. 2 C and D; Figs. S3 C and D and S4). To display the general coverage of cDNAs, each annotated cDNA (including CDS and 5′ and 3′ UTRs) was divided into 100 parts. The relative intensity along each 1/100th for all cDNAs was summed and plotted (Fig. 2C) . The results indicate that both methods were able to represent almost the entire length of the cDNA. To further evaluate the effect of cDNA length on coverage, we divided the cDNAs into five length categories according to their length and plotted the intensity of representation for each 1/100th of the cDNAs in each length category. The results ( Fig. 2D; Fig. S4) show that there was good coverage of the full length of cDNAs independent of the size. Although the coverage for transcripts did drop off near the very ends of transcripts (in all cases at the 5′ end <10%, mostly <3-5% of the length including UTR sequence), we note that this range of drop-off is not significantly worse than all current sequencing RNA sequencing (RNA-seq) methods without amplification and is confounded by the limits of mapping of short reads to the transcripts, as well as other causes. In this aspect, PMA and SMA are superior to a recently reported method, which drops off for ∼40% of the sequences from the 5′ end of 15-kb transcripts (26) . For the PMA protocol, one cause for this drop-off is the failure to map the reads derived from the poly-A tail and 5′ end chimerical sequences joined during circularization. This result can be improved through advances in bioinformatic analysis or genome indexing. Another cause of a loss of terminal sequences may be the shortening of the 5′ end of the cDNA during secondstrand synthesis. This limitation presumably could also be potentially overcome by coupling the cDNA synthesis procedure with the incorporation of a switch mechanism at the 5′ end of reverse transcript (SMART) oligonucleotide at the 5′ end (34) . For SMA, this may be followed by adding additional SMART and poly-dT oligonucleotides, separately incorporated with the universal sequence for capturing both 5′ and 3′ ends during the library generation step (Fig. 1A, step 3) .
Gene Detection. To evaluate the efficiency of detection of expressed genes, we calculated reads per 1,000 bases of mRNA per million total reads (RPKM) values for annotated genes and scored the gene as present or absent based on various thresholds. The Venn diagrams in Fig. 3A show the decline in the numbers of genes detected as the amount of input RNA declined and the relative coverage by extensive sequencing of unamplified cDNA compared with the coverage by PMA and SMA. Both amplification procedures produce little background DNA fragments, but these signals increase as the RNA input amount decreases, and, as such, quantitative mapping is best done by only considering reads in known CDS/UTRs. SMA produces relative more spurious fragments that match genomic DNA at apparently random regions. One possibility for the cause of these spurious fragments is that more of these sequences appear as a result of the amplification of very short sequences of incompletely digested genomic DNA, although these also occur in standard RNA-seq (Fig. S3 C and D ; Tables S1 and S2). Other unmappable reads contribute to the relatively lower mapping rate for LQ cells, especially single cells. These reads include any possible contamination of trace amounts of DNA from laboratory environment or reagents or some artificial DNA generated by the method, as has also been observed in other reports of RNA amplification methods. The consequence of these noise DNA fragments is that a progressively smaller number of reads map to cDNA sequences as the input template is decreased, and more sequencing runs are needed to obtain the desired coverage of cDNA sequences.
Reproducibility and Correlation. To compare the reproducibility and accuracy of both methods, we determined counts per kilobase of CDS/UTRs in the various amplified samples and STD (see Tables S1 and S2 for the read number). Within each method, amplicons were overall better correlated than were amplicons prepared from the same level of samples with the two different methods (Fig. 3B) . Input RNA from as low as 10 cells in each method missed some of the weakly expressed cDNAs, but the cDNAs missed by the two methods were often divergent. More abundant cDNAs were generally well represented when either method was used for cDNA amplification (Fig. S5) . This is similar to results shown in a recent report (26) .
The general pattern of SMA is closer than PMA to STD. SMA also has better reproducibility (Fig. 3B) . We also correlated several samples on the basis of the relative levels of RPKM for each gene (Fig. 3C) . The correlation of the replicates and the various levels of starting materials within each method were much closer than that observed between different methods. In each group, 100-cell and 1,000-cell samples are closely related to each other, but 10-cell samples have slightly more variability, especially for PMA (Fig. 3C) . Each method (SMA, PMA) produces reproducible profiles (Tables S3-S5 ). The Pearson correlation coefficient (r) was consistently >0.9 for SMA samples even when 10-cell RNA was amplified. When a 1,000-cell sample was amplified, the r (0.96) was comparable to the technical repeats of the standard RNA-seq without amplification. For PMA, the r was >0.925 for two 1,000-cell samples and 0.715 for the two 10-cell samples tested.
Single Cell Sequencing. We next explored the analysis of single cell transcriptomes using PMA ( Figs. 2 and 4; Figs. S3-S6 ). It is worth noting that recovering signatures for the transcriptome of single cells is highly dependent on cell type. At one extreme, resting lymphocytes have little cytoplasm or RNA and may be poor candidates for single cell RNA amplification. To demonstrate the utility of PMA for single cells, we manually isolated single K562 erythroleukemic cells from suspension culture. Using one quarter of a lane of multiplex sequencing (75 bases paired end reads), ∼5,000 transcripts were detected, and the more abundant genes were well represented with coverage of most or all exons ( Fig. 4; Figs. S5 and S6 ). However, many less abundant genes were either not detected (Fig. S5 ) or incompletely represented at the depth of sequencing used. This single cell PMA sequencing also showed more unknown transcripts and unannotated transcripts than did amplicons (Fig. 4A ) from 1000-cell equivalent diluted RNA. However, the mapped genes overall are similar to those when more cells were amplified. We applied the same analyses to a set of single murine dorsal root ganglion cell bodies. Each neuron was individually harvested by suction applied by a micropipette from an intact ganglion whose cells were loosened from their cellular neighbors by prior topical application of collagenase (35) . A similar level of transcripts was also detected, as shown in an Integrated Genome Browser (IGB) screen shot (Fig. S6) . The cDNA from these neurons was amplified by PMA after each neuron had been functionally classified as nociceptive by its action potential responses, electrophysiologically recorded in vivo, to noxious chemical, thermal, or mechanical stimuli delivered to its cutaneous receptive field (36) . In addition, the application of SMA to single cells is also promising (Fig. S6C) .
Discussion
Each of the two procedures demonstrated full-length coverage of the RNA sequences, independent of the length of the transcripts, with cDNA as long as 23 kb. These procedures also covered the 3′ UTRs and 5′ UTRs. The reproducibility is higher within each method than between the two methods, and, for PMA, is also higher when more cells are used. When more starting material was used, the number of genes detected was increased. Because different procedures show somewhat different transcript patterns, for any given biological test, it is necessary to use a consistent procedure throughout the analyses. The first step in the analysis of transcriptomes is the conversion of mRNA to cDNA. The efficiency of reverse transcription and other reactions depends on an adequate and rapid mixing of liquids may be a limiting factor in some protocols (37) . Conversion from single-to double-stranded cDNA may also be a source of loss, particularly at the 5′ end of the mRNA. This should be at least partly avoided by the use of SMART oligonucleotides that attach a known primer binding sequence to the region corresponding to the 5′ end of the mRNA. However, our initial comparison of SMA with first-strand cDNA and with double-stranded cDNA suggests that the second-strand synthesis is not a major source of signal loss.
Overall, our results show that, in comparison with PMA, SMA detects more genes, gives a pattern closer to that obtained from RNA-seq of unamplified cDNA, and is more sensitive, given small amounts of starting material. In addition, SMA is probably more suitable for single cell RNA amplification on the bench top. When combined with magnetic capturing mRNA directly from cell lysate, followed by a direct RT, a high-throughput process of expression profiling should be practical. A similar semirandom PCR strategy of SMA is used in a commercial kit (Transplex Whole Transcriptome Amplification; Sigma-Aldrich). WTA performs well in microarray analysis compared with some other methods (20) but uses long artificial primer sequences not designed to be removed after amplification. Thus, its use has not been reported in conjunction with high-throughput sequencing.
With PMA, we observed incomplete representation of low abundance mRNAs when LQ cells were processed, sometimes with sequences missing from the 3′ end of the original mRNA. This suggests that the loss of these sequences occurs before or during cDNA circularization, perhaps due to exonuclease action during blunt end generation and ligation or incomplete ligation of segments of DNA from the second strand to give the fulllength product. However, the sequence loss was at least partly random, as it was not consistent from sample to sample of the same cell type. Although PMA is somewhat less sensitive than SMA, PMA has certain advantages. In principle, it generates intact full-length copies of cDNAs that would be suitable for longer sequence runs as technology becomes available (38) . These full-length cDNAs would be important for resolution of ambiguities in assigning splice isoforms. PMA has a particular advantage for application to closed microfluidic systems. This would allow a large number of single cells to be amplified in parallel. It is relatively simple in operation as the steps of manipulations and the number and range of changes of temperature are very limited. Alternatively SMA could be performed in microfluidic apparatus that has PCR capability (as Fluidigm). Carrying out reactions in nanoliter volumes has the potential to substantially improve single cell work (37, (39) (40) (41) (42) . Zhong et al. reported that the conversion of small amounts of mRNA to cDNA is more efficient in very small volumes and may reach 54% compared with conventional methods that yield as little as 12% (42) . Also, the use of small volumes makes it possible to carry out reactions with amounts of enzyme that are more . This is based on isoforms or CDS/UTRs compared with 1,000-cell PMA (PMA-k). PMA-cs totally covers 5,277 genes (each with at least one transcript), independent exons, introns, and other signals. Based on Cuffcompare commands, "novel isoforms" are multiexonic transcripts, which share at least one known exon. The "exonic overlap" and "intron overlap" are those signals that are not included in known or novel isoforms, whereas "exons" indicate single-exonic transcripts, which are overlapped with known exons. "Contained" means truncated isoforms where, for example, one exon is not detected, but the other exons completely match with known exons, so this category mostly contains known isoforms, but needs deeper sequencing to have a full coverage of all sequences/exons, although there may be some new isoforms. "Unknown" refers tothose not able to be classified into any of the above groups. (B) Venn diagram showing RNAs for PMA-cs versus PMA-k, PMA-h, and PMA-t for gene detection. All RPKM > 0.1 counts are considered. As in Fig. 3A , RNA-seq reads were assembled by Cufflinks with the RefSeq GTF file as a reference annotation.
proportionate to the amount of nucleic acid present. However, because the initial amplification is limited, when working in small volumes, a second-stage amplification may be needed to obtain enough material for some analyses. In addition to the technical considerations, there is another level of complexity in evaluating the transcriptome of single cells, especially cells substantially smaller than oocytes or early blastocysts. The mRNA has a relatively short half life, and transcription may occur in bursts (43) (44) (45) . Thus, at any one time, the mRNA content of a cell may be an incomplete representation of the total transcriptome during the cell cycle, as demonstrated here for single K562 cells. This phenomenon suggests that it is best to evaluate the transcriptome from several cells as nearly identical in nature as possible, such as cell cycle stage synchronized, to get the full signature of the transcriptome of a single cell type (46) .
The present study demonstrates that rather similar overall results can be obtained for cDNA profiling from LQ cells or even single cells by either of the two amplification procedures described. Importantly, these methods can provide a relatively uniform representation of the full length of even very long cDNAs. At the single cell level, coverage is incomplete but adequate for the detection of the more abundant mRNA species and could be used to evaluate their relative use of different splice isoforms, as well as the detection of unannotated transcripts. In summary, these approaches offer considerable promise for applications in studies of a range of subjects, including development, nervous system structure, and normal and pathologic responses of the human immune system.
Materials and Methods
An overall description is provided in Principle of the Methods. K562 cells were cultured in suspension in DMEM. The amplified cDNA was converted into sequencing libraries according to Illumina protocols. Sequencing was performed on Illumina HiSeq instruments. PCR evaluation after transcriptome amplification was performed under standard conditions, and the primers used for PCR are shown in Table S6 . Additional experimental and data analysis procedures are provided in SI Materials and Methods.
Note Added in Proof. While this manuscript was in preparation, the Smart-Seq method (26) was reported using a long PCR method that provided sequences for a substantial portion of even very long cDNAs, although the distribution of sequences was uneven and the sequences of the 5' regions of many long mRNAs were significantly underrepresented.
